Bioaccumulation of silver-110m, cobalt-60, cesium-137, and manganese-54 by the freshwater algae Scenedesmus obliquus and Cyclotella meneghiana and by suspended matter collected during a summer bloom event ). However, Cs accumulation and depuration were very slow, with kinetic constants of 0.6-5 d Ϫ1 . Mn, Co, and Ag were more strongly accumulated by C. meneghiana than S. obliquus and vice versa for Cs. To evaluate the extrapolation of the kinetic rates fitted for S. obliquus and C. meneghiana to natural conditions, suspended solids were also collected during a bloom event and contaminated. Radionuclide exchange between three distinct compartments among the suspended solids was modeled: the kinetic rates fitted for S. obliquus and C. meneghiana were used to represent chlorophyte and bacillariophyte contamination, whereas kinetic rates describing a third compartment were estimated when possible. A third compartment was evidenced only for Mn and Co, whereas, for Ag, the chlorophyte and bacillariophyte compartments were sufficient to describe the particulate phase. For Cs, algae kinetic rates could not be used, so a single compartment was fitted. These experiments confirm the low affinity of Cs for phytoplankton and the high bioavailability of Ag. In the case of Co and Mn, several processes acting simultaneously govern the contamination of natural suspended solids.
Waterways constitute an important group of natural resources, habitats, and living organisms that need protection from various stress factors, including radionuclide releases. Freshwaters can receive low-level radioactive liquid wastes discharged from nuclear facilities under normal operating conditions or may be accidentally contaminated such as occurred during the Chernobyl accident.
Algae play a key role in the radioactive contamination of freshwater ecosystems, as a point of entry of pollutants within trophic nets and because they can accumulate radionuclides very quickly to a high level. Algal blooms in eutrophic rivers may lead to high biomasses whose impact on the contamination of higher trophic levels in freshwater bodies, as well as on the radionuclide fluxes from the water column to the sediment compartment by sedimentation or from the continent to the sea, must be considered. The behavior of manganese during phytoplankton blooms has been extensively studied using 54 Mn to assess the importance of oxidation processes in its biogeochemical cycle (Sunda and Huntsman 1987; Kudo et al. 1992; Moffett 1994; Schoemann et al. 1998) . The biological control of other radionuclides partitioning between liquid and solid phases has been very poorly studied. Moreover, most of the studies were undertaken in nutritive media whose chemical composition was completely different from that of natural waters and with green algae, which are not always representative of natural phytoplankton populations. Diatoms, for instance, may rep-
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resent Ͼ90% of the phytoplanktonic population during early summer in the French river Loire (Lair and Reyes-Marchant 1997) . Despite this abundance, they have rarely been studied in the field of freshwater radioecology.
The present article focuses on the kinetics of radionuclide uptake by phytoplankton. The radionuclides investigated ( 60 Co, 54 Mn, 137 Cs, and 110m Ag) are among the major radionuclides (except tritium) released by a nuclear power plant under normal operating conditions. They exhibit contrasting behaviors, depending on the biochemical properties of their stable isotopes. Cobalt and manganese are two essential elements for phytoplankton growth (Sunda 1988) . Cesium is a chemical analogous to potassium that is classified among the macronutrients. Silver belongs to the ''very toxic'' elements (Florence et al. 1992) .
The present results are part of a wider research program undertaken to analyze and model radionuclide transfers through a simplified trophic chain representative of the pelagic net of the Vienne River, a tributary of the Loire River (France), influenced by radioactive releases from the Civaux nuclear power plant. The experiment was divided into two consecutive phases. During the first phase, two algal species (Cyclotella meneghiana and Scenedesmus obliquus), which were selected as biological models representative of the Vienne River spring and summer algal blooms, respectively, were used to study the radionuclide uptake by phytoplankton. During a second phase, natural suspended matter was collected in situ during a summer bloom period and brought back to the laboratory to be contaminated with radionuclides. The knowledge of the contamination kinetics of diatoms and green algae acquired during the first experiments using C. meneghiana and S. obliquus was used to evaluate the importance of the algal component in the radioactive contamination of natural suspended solids.
Materials and methods
Algal cultures-S. obliquus and C. meneghiana original cells were obtained from the Plant Physiological Institute of the University of Göttingen. Stock cultures were maintained in modified B3N medium (Nichols and Bold 1965) and in f/2 medium (Guillard and Ryther 1962) for S. obliquus and C. meneghiana, respectively. The green algae Scenedesmus were grown in 3-liter glass flasks at 20 Ϯ 1ЊC under cool white fluorescent lights (45 mol quanta m Ϫ2 s Ϫ1 ) on a 16 : 8 light : dark cycle, whereas Cyclotella was maintained on a 12 : 12 light : dark cycle at 15 Ϯ1 ЊC. Air was filtered through a 0.22-m acetate filter to limit bacterial contamination, before being bubbled continuously into the algal cultures to ensure an adequate supply of CO 2 . Cell suspensions were kept well mixed with a magnetic stirrer.
Uptake experiments with the unicellular algae-In contrast to a large number of studies, uptake experiments were not done in a nutritive medium but in natural water, to increase the representativeness of the results. Natural water
SO 4 , 35 mg L Ϫ1 HCO 3 , and 5.5 mg L Ϫ1 dissolved organic carbon) was collected in the Vienne River. Preliminary experiments showed that keeping the two algal species in this water for 5 d did not induce any perturbation to their multiplication rate or morphology. The acclimation was done in two steps: at first, during a 7-d culture phase, the levels of stable manganese and cobalt concentrations in the nutritive medium (in the chemical forms of MnCl 2 , CoCl 2 , and B 12 vitamin) were adjusted to the concentrations observed in the Vienne River by adding 20 g L Ϫ1 of Mn and stopping the input of stable Co. Subsequently, algae were harvested on a 0.45-m cellulose acetate membrane under very gentle vacuum and washed several times with filtered Vienne River water, to remove nutritive medium. They were then resuspended into 1-liter glass flasks that contained 0.45 m filtered Vienne water. After this acclimation phase of 24 h, they were again harvested and resuspended in filtered Vienne water at a final cell density of ϳ10 7 and 10 6 cells ml Ϫ1 for S. obliquus and C. meneghiana, respectively, to be contaminated with radionuclides. Throughout the uptake experiments, cell suspensions were kept under the same light and temperature conditions as during the culture phase, in acid-washed flasks on a magnetic stirrer. The physiological fitness of the two species was evaluated by microscopic observation of cells, which showed photosynthetically active cells and no cell breakage induced by the experimental conditions. The resulting algal suspension was contaminated to a level of 30 Bq ml Ϫ1 for each individual radionuclide. The radioactive solutions were obtained from the Amersham International Radiochemical Centre, and each radionuclide was added to a separate flask in the chemical forms of  60 CoCl 2 ,  137 CsCl,  54 MnCl 2 , and   110m AgNO 3 , respectively. Because of the presence of carrier element in commercialized radionuclide solutions, this radioactive contamination came with the addition of a stable element. Thus, the concentrations of stable cobalt, cesium, manganese, and silver during experiments were 5 ng L Ϫ1 , 20 ng L Ϫ1 , 90 ng L Ϫ1 and 2 g L Ϫ1 ,
respectively. Except for Ag, the added trace metal concentrations were much lower than those of natural water and no modification, such as homeostasis control, had to be taken into account.
Natural suspended matter collected during a bloom event-For the second series of experiments, natural suspended matter was collected from the Vienne River during a summer bloom event in July. First, the water was filtered through a net with a mesh size of 70 m, to eliminate most zooplankton species liable to graze phytoplankton. The resulting water was then brought back to the laboratory under dark conditions in 40-liter plastic carboys and maintained at 4ЊC to limit chemical and biological changes. Twenty-four hours after the sampling procedure, the suspensions were homogenized, split into 15-liter batches, and spiked with 30 Bq ml Ϫ1 of each radionuclide. The radioactive solutions were identical to those used for the contamination of S. obliquus and C. meneghiana, and the specific activity in particular was the same. The water was maintained at 21 Ϯ 0.5ЊC under cool white fluorescent lights on a 16 : 8 light : dark cycle. The tanks were covered, to reduce evaporation.
Sampling and analysis-To monitor the radionuclide concentration of the particulate phase (unicellular algae or natural suspended matter), water samples were taken at time periods of 5, 10, 15, and 30 min, 1, 2, 4, and 8 h, and 1, 2, and 3 d. For the experiments that used C. meneghiana and S. obliquus, two samples were collected: one aliquot was used to estimate the total radionuclide concentration of the water, and the other was filtered through a 0.45-m acetate membrane, to evaluate the contamination of the dissolved phase. The radionuclide concentration of the algal cells was deduced from the difference between the two measurements, divided by the algal mass. The latter was determined from cell counts that were related to the wet and dry weight using linear relationships calibrated during preliminary experiments.
For the experiment that used natural suspended solids, the particles were isolated from the water by filtration of a 200-ml suspension through a 0.45-m cellulose acetate membrane. This technique had to be used because of the low particle density, to achieve greater accuracy on radioactivity as well as on mass measurements. Radionuclide retention on the 0.45-m acetate membrane was checked by superimposing two filters, the second of which was representative of the blank. This ''blank'' activity was then subtracted from the measurements of the filter radioactivity to estimate the contamination of the suspended matter. This blank value was equal to 17% of the total activity in the case of 110m Ag, whereas, for the other radionuclides, it was not significant. The filter was weighed before and after the filtration step, to determine the wet weight (ww) of suspended matter. The composition of particulate phase was analyzed by microscopic examination, and algal species were enumerated.
The radioactivity was measured by high-resolution gamma spectrometry using a high-purity germanium detector, in low background shield, coupled to a multichannel analyzer. The radionuclide activity in each sample was related to the first day of the experiment, for correction of physical decay, and background counts were subtracted.
During the experiments, wall adsorption was monitored by checking the sum of the radionuclide concentration in dissolved and particulate phases. For the first experiments, using unicellular algae, total concentrations were recovered at Ͼ95% for the four radionuclides. For the experiments that used natural suspended solids, wall adsorption had to be taken into account for 137 Cs, because it represented ϳ36% of the total activity. For the three other radionuclides, it did not statistically differ from the measurement error.
Kinetic approach and assessment of equilibrium-For the unicellular algae contamination experiments, radionuclide uptake characteristics were determined using a kinetic model in which sorption processes were assumed to follow a simple first-order reversible reaction (Jannasch et al. 1988) . R water represents the sum of all dissolved forms of radionuclide and R algae the radionuclide associated with algal cells. k 1 and k Ϫ1 are the first-order uptake and depuration rates (in d Ϫ1 ).
These rate constants depend on physical-chemical factors such as pH, binding ligands present in the dissolved phase, temperature, etc. The differential equations derived from the kinetic model are
where the differential equation systems are expressed on the basis of radionuclide concentration in Bq ml
, with m algae , the algae biomass (in g ml Ϫ1 , ww). The uptake and depuration rate constant values, k 1 and k Ϫ1 , were estimated using the software ModelMaker 3.0.4 (Cherwell Scientific), with the fourth-order Runge-Kutta integration method. Kinetic rate values obtained after two convergence steps are given with the standard error.
The theoretical concentration factor (CF) can be calculated from Eqs. 1a and 1b given the appropriate boundary conditions, under the assumption that, for t ϭ 0, all radionuclide was present in the dissolved form (R water(tϭ0) ϭ R total and R algae(tϭ0) ϭ 0). The solutions for R water (t) and R algae (t) can be used to calculate CF(t) at given times and CF at steady state, with CF expressed in ml g Ϫ1 ww:
[R ]
For contamination experiments that used natural suspended matter, a similar model was used. The batch was conceptualized as a closed system in which the radionuclide can be adsorbed onto three different components: chlorophytes, bacillariophytes (including diatoms), and other particles (cyanophytes, nonliving mineral, or organic particles). The sorption processes are assumed to work simultaneously and can be modeled by a parallel reaction model that describes the partitioning of radionuclides between the dissolved phase (R water ) and the different particulate phases (R Chlorophytes , R Bacillariophytes , and R Other particles ):
The kinetic rates corresponding to the uptake of radionuclides by the two compartments, ''Chlorophytes'' and ''Bacillariophytes,'' are the values obtained during the first set of experiments with S. obliquus and C. meneghiana cultures, respectively. The parallel model was used to evaluate the importance of the third compartment, ''Other particles,'' in the kinetic processes characterizing the sorption of radionuclides. The goodness of fit (r 2 ) and the confidence interval in the estimation of the model parameters were calculated with ModelMaker.
The classical distribution coefficient K d (in ml g Ϫ1 ww) was calculated from several runs of the model corresponding to each radionuclide, with an initial waterborne concentration of 1 Bq ml Ϫ1 and a suspended solid load of 3 ϫ 10 Ϫ4 g ml Ϫ1 . The steady-state K d value was then calculated according to the following equation related to the modeled radionuclide concentrations
Results and discussion
Radionuclide uptake and depuration patterns for S. obliquus and C. meneghiana-The morphology and the growth rates were monitored during experiments. Given the low nutrient content of the Vienne water used during experiments, no significant growth was observed in the case of C. meneghiana. The cell volume and surface area were measured as 688 m 3 and 446 m 2 , respectively. The ratio between the weight and the number of cells was estimated at 1.5 ϫ 10 Ϫ9 and 1.7 ϫ 10 Ϫ10 (g cell Ϫ1 ), respectively, for the ww and dry weight (dw). In the case of S. obliquus, a growth rate of 0.23 d Ϫ1 was statistically significant for the 54 Mn and 60 Co uptake experiments. The cells had a weight of 1.1 ϫ 10 Ϫ10 (g ww cell Ϫ1 ) and 2.3 ϫ 10 Ϫ11 (g dw cell Ϫ1 ), a volume of 70 m 3 , and a surface area of 77 m 2 . The partitioning of radionuclides between dissolved (Vienne water) and solid (phytoplanktonic cells) phases, expressed as a percentage of the initial total activity, was similar for the two algal species, with a rapid increase in par- ticulate-phase contamination during the first hour (Tables 1,  2 ). The greatest affinity for the particulate phase was observed in the case of 54 Mn, and the lowest was seen in the case of 137 Cs. In the case of C. meneghiana, 98% of 54 Mn was associated with the particulate phase after 7 h, compared with only 8% for 137 Cs. Radionuclide concentration in the two algae species was plotted against time (Fig. 1) . According to the kinetic pat- terns and contamination levels, the radionuclides may be separated into three groups. In the case of 137 Cs, uptake by the two species was slow, because concentrations reached equilibrium by the second day of exposure. During the first 4 h, a significant scattering of the concentrations was noted, which remained in the case of S. obliquus throughout the 3 d. The contamination levels were lower for C. meneghiana than for S. obliquus, with a maximum concentration of 3,300 versus 18,000 Bq g Ϫ1 at 3 d of exposure. For 110m Ag, the uptake occurred rapidly, with the first measured values being 11,000 and 13,000 Bq g Ϫ1 , respectively, for C. meneghiana and S. obliquus. The plateau was reached within the first hour of the radionuclide spike and from that time on, values remained in the range of 15,000 and 20,000 Bq g Ϫ1 , respectively, for C. meneghiana and S. obliquus. 60 Co and 54 Mn can be classified together in the third group, which was characterized by closer kinetic rates and levels of contamination. Cobalt and manganese concentrations increased until ϳ6-8 h of exposure, when they stabilized at values of 20,000 ( 60 Co in S. obliquus) to 40,000 Bq g Ϫ1 ( 54 Mn in C. meneghiana). From that time on and until the end of the uptake experiment, concentrations exhibited an overall decrease.
The kinetic parameters describing radionuclide transfer were determined using the kinetic model (Table 3) Our results can be compared with those of other similar experiments, but the comparison must be considered with caution, because several factors may induce variations in the responses: different algal species (freshwater, euryhaline, or marine), different media (natural freshwater, artificial freshwater, or enriched water), different methodologies (long or short term), and a different characterization of algal uptake (total element or intracellular fraction).
A wide range of CF values for silver has been found by other authors. Garnier and Baudin (1989) found a CF of 4 ϫ 10 5 (ml g Ϫ1 ww) for 110m AgCN uptake by S. obliquus. Terhaar et al. (1977) determined a CF of 6,000 ml g Ϫ1 ww for silver thiosulfate bioaccumulation by the same species, contaminated under semicontinuous conditions. Fortin and Campbell (1999) calculated a surface-normalized CF value of 120 L m Ϫ2 for intracellular silver uptake by the green alga Chlamydomonas reinhardtii. For diatoms, no data could be found for freshwater species. Reinfelder and Chang (1999) determined, for the large marine diatom Thalassiosera weissflogii (cell volume of 10 3 m 3 ), a CF ranging 2,500-3,200 m 3 m Ϫ3 for different pCl (3.3-1.3). Our CF value of 3,200 m 3 m Ϫ3 determined for C. meneghiana and for a pCl of 3.3 is in agreement with these values.
For cobalt, Nucho et al. (1988) determined different CF values, ranging 310-3,300 ml g Ϫ1 ww for S. obliquus cultures aged 6-21 d. Similar experiments were also conducted in two natural-medium hard waters (Nucho 1989) in which a CF of 2,000 ml g Ϫ1 ww was observed. Our CF value of 990 ml g Ϫ1 ww falls within the range of CF values calculated by those authors. In the case of diatoms, C. meneghiana was contaminated by 60 Co in 0.22-m filtered water of the Meuse River (Belgium) that had been enriched with nitrates, phosphates, and silica (Anonymous 1987). The CF observed after a contact time of 48 h was of the order of 600 ml g Ϫ1 ww. Fortin and Campbell (2000) studied Mn accumulation by C. reinhardtii in a low (5 mol L Ϫ1 ) or high (4 mmol L Ϫ1 ) chloride medium at an ionic strength of 6 meq L Ϫ1 . CFs calculated from their results ranged 0.6-0.75 L m Ϫ2 at 1 h, which is of the same order of magnitude as our value of 2.5 L m Ϫ2 . In the case of Cs, Sombré et al. (1993) found a CF of 20 ml g Ϫ1 ww for the transfer of 134 Cs to S. obliquus in a tur-bidostat culture and for an artificial culture medium. Gil Corrisco and Vaz Carreiro (1990) determined a CF of 354 ml g Ϫ1 ww for 134 Cs transfer to Selenastrum capricornutum, which is close to the steady-state CF calculated in the present study (480 ml g Ϫ1 ww). Various mechanisms may be involved in trace element uptake by microalgae. The cell wall is able to bind metal cations with its negatively charged sites, polysaccharides, and some unprotonated groups such as carboxyl oxygen and sulphate (Campbell and Stockes 1985) . Nieboer and Richardson (1980) proposed a classification of metal ions based on the biological and chemical availability to organisms as a function of their binding preferences. This classification takes into account atomic number, specific gravity, ionic radius, thermodynamic equilibrium constants, and metal-ion electronegativity. According to this classification scheme, cesium belongs to class A (oxygen-seeking), silver to class B (sulphur-seeking), and cobalt and manganese to borderline class (intermediate properties), which confirms our own classification of the radionuclides.
As demonstrated by Fortin and Campbell (2000) , silver uptake is by definition accidental, because it is not a micronutrient. They showed that silver was probably transported through a Cu(I) system, which can explain the very high uptake and depuration rates observed for our 110m Ag experiments.
Cobalt is a component of vitamin B 12 ; as a consequence, it is essential for most living organisms. It can also be incorporated into superoxide dismutases, which play an important role in the defense mechanisms against oxidative stress (Meier et al. 1994 ). The mechanism of cobalt uptake was investigated by Liu et al. (1998) is not internalized by the same transporter. They showed that the adsorption of cobalt into the cell wall accounted for 90% of the total activity, the prevailing mechanism being ionic exchange. It appears that part of the cobalt that is trapped in the cell wall is not bioavailable: Macfie et al. (1994) demonstrated the protective role of the cell wall against cobalt toxicity by comparing EC 30 in walled and wall-less strains of C. reinhardtii.
Like cobalt, manganese is an essential nutrient, and numerous enzymes use the redox properties of this element. It is essential for catalyzing oxygen development in photosynthesis (Raven et al. 1999) , and mitochondrial Mn superoxide dismutase has been identified as a major scavenger of O Ϫ 2 produced during photosynthesis (Okamoto and Colepicolo 2001) . The main mechanism of Mn accumulation seems to be the formation of Mn oxides on algal surfaces. Stuez et al. (1996) found high amounts of Mn(III) and Mn(IV) oxides on the surface of Chlamydomonas cells. The same result was found by Knauer et al. (1999) for Scenedesmus subspicatus. Those authors showed that Ͻ5% of the total cellular manganese was bound as Mn 2ϩ to negatively charged polymers, whereas Ͼ90% of the total manganese occurred in the form of Mn(III) and Mn(IV) oxides. Moreover, they showed that small manganese oxides were associated with the algae. However, this was questioned by Abu-Shammala (1999), who did not observe any Mn on the surface of Chlamydomonas or Chlorella using X-ray microanalysis. Mn is then internalized by a saturable uptake system that is under negative feedback control by some intracellular pool, as was shown for C. reinhardtii by Sunda and Huntman (1998) . In Chlamydomonas, Chlorella, and Anabeana, Mn was localized by X-ray analysis in intracellular bodies that were presumed to be polyphosphate inclusions (Abu-Shammala 1999) .
In the case of Cs, uptake mechanisms have been very rarely studied for phytoplankton species. Pagis et al. (2001) showed that Cs was transported inside the halotolerant alga Tetraselmis viridis through the potassium channel but not by the Na ϩ /H ϩ antiporter or Na ϩ -ATPase, which seem to be specific to Na ϩ and Li ϩ . The surface-normalized CF (SCF) summarized in Table 4 for S. obliquus and C. meneghiana provides a means to compare the uptake specificities for each alga. For S. obliquus, the SCF values are not very different for the four radionuclides, ranging 0.7-3.8 L m Ϫ2 , whereas, for C. meneghiana, there are almost 2 orders of magnitude separating manganese and cesium SCFs. The SCFs calculated for C. meneghiana are higher than those determined for S. obliquus, the greatest difference being observed for Mn (8.5-fold), then Co (5.4-fold) and Ag (2.1-fold). In the case of cesium, the SCF value is lower for C. meneghiana than that for S. obliquus, but the very narrow range of SCFs obtained for this radionuclide suggests that the difference may not be significant. The high SCF observed for manganese uptake by C. meneghiana could indicate that Mn oxidation occurred at the cell surface. It is well known that photosynthesizing algae can generate microenvironments with pH values Ͼ9. Richardson and Stolzenbach (1995) showed that Mn oxidation depends on the cell size of algae, which indicates that cells larger than 20 m can induce Mn oxidation. Even for S. subspicatus, which consists of small cells not likely to build up a large pH gradient at their surface, Knauer et al. (1999) showed that a large fraction of Mn bound by this alga occurred as Mn(III/IV) oxides. This microenvironmental change of physical-chemical conditions surrounding the algae may be more drastic for C. meneghiana that is characterized by a cell surface area of 446 m 2 , leading to a higher Mn oxidation rate at the surface of the diatom than S. obliquus, which has a smaller surface area of 77 m Ϫ2 . Other hypotheses linked to comparisons of the characteristics of the cell walls and the membranes of green algae and diatoms could explain the differences in SCF observed. Kiefer et al. (1997) used different chemical and spectroscopic methods to characterize the surfaces of Cyclotella cryptica and C. reinhardtii. The surface groups were analyzed using Fourier-transform infrared spectroscopy (FT-IR) and acid-base titration curves. The green algae surface contained a larger variety of weaker acid-base groups than the surface of the diatom. The FT-IR spectrum of C. cryptica showed only two kinds of functional groups (NH 2 and Si-OH), whereas that of C. reinhardtii showed a wide variety of functional groups (R-COOH, R-OH, CN Ϫ , and NH 2 , etc.). These binding sites can be related to the chemical and bio- Table 5 . Main characteristics of the Vienne water collected for the contamination experiment of natural suspended solids. logical properties of the four radionuclides, according to the classification of Nieboer and Richardson (1980) . Mn 2ϩ and Co 2ϩ are borderline ions with considerable class A character, which indicates that they will bind strongly to nitrogen-and oxygen-containing functional groups. Ag ϩ is a class B ion that binds preferentially to sulphur centers and then to nitrogen functional groups. Cs ϩ belongs to class A and binds to oxygen centers. These binding preferences may explain why the 137 Cs accumulation level was higher for the green algae S. obliquus, which probably has the same surface functional groups as C. reinhardtii (mainly O-donor type) and why 54 Mn, 60 Co, and 110m
Dissolved organic carbon (mg L
Ag were accumulated to a higher extent by C. meneghiana, which is characterized by nitrogen functional groups. Another hypothesis could be that diatoms act as a cation's trap because they are constituted of a silica frustule encased in an organic coating (Rince et al. 1999; Wang et al. 2000) . Finally, different internalization mechanisms are probably induced in the two species (Rijstenbil et al. 1994) , which could also explain the observed differences.
Radionuclide uptake and depuration patterns for natural suspended matter-The main characteristics of the water (dissolved and particulate phase) collected in July for natural suspended matter contamination are summarized in Table 5 . The results are consistent with other data collected on the same river (Garnier et al. 1997) . Chl a content (20 mg m Ϫ3 ) and pH value are indicative of a bloom event. If these values are low compared with bloom events observed in other rivers such as the Loire (Lair and Reyes-Marchant 1997; Lair et al. 1999) , it is because the Vienne River has turbid and highly colored water, which limits phytoplankton development. Despite these physical-chemical characteristics, the algal flora is rich and abundant. More than 30 genera have been identified, and the total number of cells is 3.2 ϫ 10 4 cells ml Ϫ1 . The green algae were dominant, representing 65% of the total cells number. The chlorococcales Scenedesmus were the most abundant (5 ϫ 10 3 cells ml Ϫ1 ) and were associated with other chlorophytes such as Staurastrum (2.8 ϫ 10 3 cells ml Ϫ1 ), Actinastrum (2.6 ϫ 10 3 cells L Ϫ1 ), and Closterium (2.4 ϫ 10 3 cells ml Ϫ1 ). Among the bacillariophytes, which represented 19% of the algal genera identified, the small centric diatom Cyclotella was the most abundant (2.6 ϫ 10 3 cells ml Ϫ1 ), associated with Synedra, Navicula, and Stephanodiscus. The cyanobacteria population was dominated by Oscillatoria (3.2 ϫ 10 3 cells ml Ϫ1 ) and Chroococcus (1.5 ϫ 10 3 cells ml Ϫ1 ). The phytoplankton collected was mainly composed of holoplankton, which multiplies in the water column. Associations of Cyclotella-Stephanodiscus or Cyclotella-Scenedesmus, which are characteristic of eutrophic waters, have been reported in other temperate rivers such as the Thames (Lack 1971 ) and the Loire (Lair et al. 1999) . The relative composition of phytoplanktonic population changed from the third day, probably because of nitrogen depletion in the medium, which favors cyanophycae growth. That class represented Ͼ50% of the phytoplankton population from the third day. In parallel, although the water was not supplemented with nutrients, to limit changes in radionuclide speciation, populations of green algae and bacillariophytes were doubled within 3 d.
The fraction of radionuclide present in the particulate phase was monitored throughout the 3-d uptake experiment (Table 6) . For 137 Cs, the percentage of radionuclide sorbed against time was similar to the values observed for S. obliquus and C. meneghiana, and the process was slow and weak, given that only 9% was associated with particles after 4 h. After the first day, the contamination of suspended solids by this radionuclide remained stable at ϳ1.5 ϫ 10 4 Bq g
Ϫ1
. In the case of 110m Ag, more than half of the total amount was sorbed onto particles within the first exposure hour, which was in the range of the values observed for S. obliquus and C. meneghiana. The concentrations measured in the suspended solids from the onset of the plateau phase were of the order of 4.5 ϫ 10 4 Bq g Ϫ1 . In the case of 54 Mn and 60 Co, the sorption phenomenon was faster for natural suspended solids than for S. obliquus and C. meneghiana. In the case of cobalt, the percentage retained by particles increased from two-to fourfold, depending on the sampling time. For 54 Mn, the amount found in the particulate phase was 90% at 30 min, and this value reached 98% after 4 h of exposure. with equilibrium values of ϳ1.2 ϫ 10 5 and 2.4 ϫ 10 5 Bq g Ϫ1 for cobalt and manganese, respectively. The parallel reaction model was used to evaluate the validity field of the kinetic rates estimated for S. obliquus and C. meneghiana applied to a summer bloom (Fig. 2) . The modeled concentrations are shown, along with the confidence interval calculated with ModelMaker according to the standard error associated with the kinetic parameters used. The kinetic rates estimated are summarized in Table 7 . According to the number of identified processes, the four radionuclides can again be separated into three groups. In the particular case of 137 Cs, vessel wall was added as a fourth compartment, to take into account the high adsorption evidenced. Despite this correction, the observed data could not be fitted with a parallel reaction model using the kinetic rates estimated for S. obliquus and C. meneghiana. As a consequence, a simple model was used with one compartment representing the suspended solids and a second one the tank walls. The uptake and depuration rate values corresponding to the suspended solid compartment were estimated, respectively, at 1.6 Ϯ 1.1 and 9.5 Ϯ 8 d Ϫ1 . For 110m Ag, the two compartments representing the green algae and the diatoms were sufficient to describe the natural suspended solids contamination. For 54 Mn and 60 Co, the experimental data could be fitted by a three-compartment model. Two compartments corresponded to the green algae and the diatoms, their contamination being described by the kinetic rates estimated from the first set of laboratory experiments. A third compartment could be identified, with corresponding uptake and depuration rates of 17 Ϯ 3 and 1.2 Ϯ 0.8 d Ϫ1 for 60 Co and 220 Ϯ 50 and 27 Ϯ 16 d Ϫ1 for 54 Mn. These modeled data are shown in Fig. 3 as the fraction of Fig. 3 . Theoretical relative contribution of each particulate component to the total amount of radionuclide sorbed, modeled using the parallel reaction kinetic model. Kinetic rates corresponding to chlorophycae and bacillariophytes uptake were set to the values obtained under laboratory conditions for S. obliquus and C. meneghiana. Kinetic rates corresponding to the contamination of other ← particles (minerals, blue-green algae, etc.) were optimized using ModelMaker. A single compartment was fitted in the case of cesium. radionuclide adsorbed onto each compartment, which represents the importance of the distinct processes ( 137 Cs is not shown, because only one process could be identified). In the case of 110m Ag, the two compartments corresponding to radionuclide uptake by green algae and diatom communities are represented. The amount of silver accumulated by the diatom community represents ϳ70% of the total radionuclide measured in the particulate phase. The equilibrium between the two algal compartments was achieved within the first hour. As regards 60 Co, no equilibrium was observed during the first day, with a variation of relative activity for the three compartments. During the first day, the third compartment rose until its contribution represented 85% of the total particulate element after 24 h. At that time, the diatom community contributed 12% of total radioactivity and green algae 3%. A similar mechanism is observed for 54 Mn. The third compartment contribution decreased from 80% to 44% during the first day, whereas, during the same time, the diatom contribution rose from 10% to 44%. The green algae community contribution did not vary significantly during the 3 d, and the accumulated amount represented ϳ12% of the total radioactivity in the particulate phase. On this basis, steady-state K d values ranged 570 ml g Ϫ1 ww for 137 Cs, 9.7 ϫ 10 3 for 110m Ag, 5.3 ϫ 10 4 for 60 Co, and 6.0 ϫ 10 4 for 54 Mn. Garnier-Laplace et al. (1997) showed, in their review of radionuclide exchanges among water, suspended solids, and sediments, that the K d values were governed by a variety of factors, depending on the characteristics of the liquid and solid phases. As a consequence, for cesium, cobalt, and manganese, the K d values obtained from the relevant literature range from 1 to 100 m 3 kg Ϫ1 dw, and, for silver, the range spanned three orders of magnitude (0.1-100 m 3 kg Ϫ1 dw). For that reason, it does not make any sense to quantitatively compare our results with those of other water systems, and only the processes involved will be discussed.
It is important to keep in mind that the different kinetic rates fitted with this parallel reaction model do not necessarily represent specific chemical or biological reactions but simply provide a basis for discriminating between the various absorption and desorption processes. In the case of 54 Mn, the third compartment is characterized by very fast uptake and by slower desorption. The kinetic values fitted could be attributed to manganese oxidation, but they do not correspond to the long reaction time of Mn oxidation (35 d) calculated by Sung and Morgan (1981) , which should be described by much lower kinetic rates. This may be explained by the presence of bacteria and microalgae, that facilitate Mn(II) oxidation, as shown by Stuez et al. (1996) . Furthermore, an important adsorption role may be played by cyanophycae, as shown by Abu-Shammala (1999) , who found large amounts of manganese in the external mucilaginous layer surrounding Anabaena cells.
A third compartment was also fitted for 60 Co using lower values for the kinetic constants. The influence of bacteria on cobalt sorption has been shown by Sibley et al. (1981) , who also observed high cobalt sorption on organic dead material. Moreover, cobalt is known to be easily trapped in MnO 2 coating on particles. This fact was confirmed by Garnier et al. (1997) , who compared the kinetics of trace element complexation with suspended solids also collected in the Vienne River during a summer bloom event and during winter. They showed that Mn and Co K d (t) were correlated, which confirms the high affinity of manganese oxides for cobalt. Moreover, they concluded that Mn and Co removal was controlled by binding with particulate organic matter and biogenic particles. These different processes of cobalt complexation probably occur simultaneously and are integrated into the third compartment in the model fits.
In the case of silver, no kinetic constant could be fitted for the third compartment. This does not necessarily mean that silver adsorption by other components does not occur but that it is governed by similar kinetic patterns as those estimated for S. obliquus and C. meneghiana. However, a preeminence of silver uptake by algae is not surprising, given the extremely high bioavailability of silver demonstrated by Fortin and Campbell (2000) .
Finally, as concerns 137 Cs, the kinetic parameters fitted for S. obliquus and C. meneghiana could not be used to model suspended solid contamination. A single compartment was described by very slow uptake and faster desorption. Nyffeler et al. (1984) studied radionuclide distribution between seawater and particles, according to a similar kinetic model. They also found low values for 134 Cs kinetic parametersthe uptake kinetic parameter was determined as 0.0236 d
and the desorption constant as 1.0 d Ϫ1 , with a very low corresponding K d value (ϳ100 L kg Ϫ1 ). This is consistent with the well-known low affinity of cesium for particulate organic matter and its high affinity for clay minerals (Garnier-Laplace et al. 1997) . Moreover, it can be hypothesized that organic coating onto particles does not facilitate Cs adsorption.
The results presented here show that the processes governing suspended matter during a bloom event are very different for Ag, Co, Cs, and Mn. Biological processes dominate silver uptake, and the kinetic rates determined for unialgal species during laboratory experiments can be used. For Mn and Co, additional chemical and/or biological processes due, for instance, to cyanophycae contamination have to be taken into account. Finally, the low bioavailability of Cs was confirmed, and its partitioning should rather be described by electrostatic interaction between Cs ϩ and negatively charged particle surfaces or by cation exchange of Cs ϩ with K ϩ channels or the interlayer position of clay minerals.
